ABSTRACT: Polytraumatised patients with haemorrhagic shock are prone to develop systemic complications, such as SIRS (systemic inflammatory response syndrome), ARDS (acute respiratory distress syndrome) and MOF (multiple organ failure). The pathomechanism of severe complications following trauma is multifactorial, and it is believed that microcirculatory dysfunction plays an important role. The aim of this study was to determine the changes in the microcirculation in musculature over time during shock and subsequent resuscitation in a porcine model of haemorrhagic shock and polytrauma. Twelve pigs (German Landrace) underwent femur fracture, liver laceration, blunt chest trauma, and haemorrhagic shock under standard anaesthesia and intensive care monitoring. Microcirculation data were measured from the vastus lateralis muscle using a combined white light spectrometry and laser spectroscopy system every 15 min during the shock and resuscitation period, and at 24, 48, and 72 h. Oxygen delivery and oxygen consumption were calculated and compared to baseline. The relative haemoglobin, local oxygen consumption, and saturation values in the microcirculation were observed significantly lower during shock, however, no changes in the microcirculatory blood flow and microcirculatory oxygen delivery were observed. After resuscitation, the microcirculatory blood flow and relative haemoglobin increased and remained elevated during the whole observation period (72 h). In this study, we observed changes in microcirculation during the trauma and shock phases. Furthermore, we also measured persistent dysfunction of the microcirculation over the observation period of 3 days after resuscitation and haemorrhagic shock. ß
Polytraumatised patients with haemorrhagic shock (HS) are prone to develop systemic complications, such as systemic inflammatory response syndrome (SIRS), acute respiratory distress syndrome (ARDS), and multiple organ dysfunction syndrome (MODF). 1, 2 The pathomechanism of these severe complications following trauma is multifactorial, and it is believed that microcirculatory dysfunction plays an important role. 3 In response to HS, peripheral vessels (in muscles, bone and soft tissues) contract in order to redistribute blood flow and to maintain local adequate blood supply to vital organs. However, studies have shown that this centralization process during HS results in microcirculatory disorders. 4, 5 According to current resuscitation guidelines, the clinical status of the patient is usually monitored and controlled by systemic parameters. 6, 7 Previous studies discussed the differences between systemic circulation and microcirculation present during resuscitation. 6, 8 It has been postulated that success of resuscitation should be defined and qualified on the degree of restoring microcirculatory perfusion and oxygen delivery rather than the currently monitored systemic parameters. 6, 9 Studies have shown that the restoration of microcirculation during resuscitation occurs later than the restoration of systemic circulation.
Therefore, adequate systemic circulation is not always associated with adequate correction of microcirculation. [10] [11] [12] However, little is known regarding changes in microcirculation during hypovolaemic shock.
In this study, we aimed to determine the changes in microcirculation in musculature over time during shock and subsequent resuscitation in a porcine model of HS and polytrauma.
MATERIALS AND METHODS
This study presents partial results obtained from a large animal porcine multiple trauma model. The model has been previously described in detail by Horst et al. 13 Animal welfare was modeled after the guidelines of the Society of Laboratory Animal Science (GV-SOLAS) as well as the Germany National Animal Welfare Law and approved by the responsible government authority ("Landesamt f€ ur Natur, Umwelt und Verbraucherschutz": LANUV-NRW, Germany: AZ TV-Nr.: 84-02.04.2014.A265). A total of 12 male pigs (German Landrace), 3 months of age and weighing 30 AE 5 kg, were used. The data presented in this paper were collected in the context of a larger study for the animal benefit of the principles of the 3Rs (Replace, Refine, and Reduce). 13, 14 Within this project, our study group established a porcine polytrauma model with an observation period of 72 h. Polytrauma consisted of blunt unilateral chest trauma (right thorax), a midline laparotomy, standardized laceration of the liver, femur shaft fracture and HS (pressure controlled) as previously described. 13 In this paper, we focused on the changes of microcirculatory statues.
Measurement of Local Circulation
The local microcirculation during shock was measured on the non-injured side, above the vastus lateralis muscle. A combined white light spectrometry and laser spectroscopy system (O2C, LEA Medizintechnik, Giessen, Germany) was used to measure local circulation. This device takes the measurements in the capillary-venous part of the vascular tree (<100 mm in diameter), and a depth of 8 mm was taken by the probe. The device of O2C offers an acute method to survey relative blood flow (Flow), local oxygen saturation (sO2), and relative haemoglobin (rHb) in microcirculation. The units for the levels of Flow, rHb, and sO2 are A.U. (Arbitrary Units). Blood flow in microcirculation indicates the blood supply of tissue. The sO2 level offers a measurement for oxygen extraction, and rHb indicates the haemoglobin amount in microvessels.
The vastus lateralis muscle was used for measurements. Incisions were made on the lateral thigh of the non-operated side. The probe of O2C was gently placed on the muscle's surface. Data was taken consistently for 1 min, and should be remeasured if the results showed high fluctuation. The whole procedure was performed under sterile conditions. Measurements were taken every 15 min during the shock and resuscitation phases, and 24, 48, and 72 h after stabilisation of the organism (Fig. 1) . As operating procedures during resuscitation phase increased fluctuation of measurements, we removed the time point of 90 min after shock from our analysis.
Formulas for Microcirculatory oxygen delivery (mDO2) and microcirculatory oxygen consumption (mVO2) were previously proved and used by Krug, 15 and Beck et al. 16 as follows:
Where: SaO2 is the arterial haemoglobin oxygen saturation, mHbO2 is the microcirculatory haemoglobin oxygen saturation, mFlow is the microcirculatory blood flow, and rHb is the local haemoglobin level. The units of mDO2 and mVO2 are A.U.
Statistics
Excel 2013 (Microsoft) and SPSS (20.0, IBM) were used for data collection and analysis. Data were tested for normal distribution, using the KS-test (Kolmogorov-Smirnov test). The paired t-test was used to test the differences in MAP, HR, arterial oxygen saturation, and microcirculatory flow, rHb and oxygen saturation. Wilcoxon rank sum test, and Mann-Whitney U test were used for testing statistical significance in oxygen supply and oxygen consumption. A p-value of less than 0.05 was set to establish statistical significance. The correlation between systemic arterial oxygen saturation and microcirculatory oxygen saturation (sO2), microcirculatory oxygen delivery (mDO2), and microcirculatory oxygen consumption (mVO2) were tested by Pearson correlation.
RESULTS

Macrocirculation
As described by Horst et al., 13 during HS, heart rate significantly increased and then returned to baseline levels within 30 min after resuscitation. As expected, systolic blood pressure dropped significantly during the shock and trauma phase and increased after the resuscitation period.
Microcirculation
Local blood flow, as well as rHb and sO2 levels are summarized in Figure 2 . During the HS and trauma phase, no statistically significant alteration in microcirculatory blood flow compared to the baseline was observed. However, after induction of the resuscitation, blood flow in microcirculation significantly increased (p ¼ 0.025), from 89.3 AE 41.73 A.U. before resuscitation to the highest of 192.9 AE 82.32 A.U. during resuscitation. The level of rHb decreased during the shock and trauma phase with statistically significant differences at 30 min (48.3 AE 8.11 A.U., p ¼ 0.048) and 60 min (48.4 AE 6.39 A.U., p ¼ 0.039), compared to the baseline (53.3 AE 10.43 A.U.). During the resuscitation period, a continuous increase of rHb levels was observed, from the lowest 48.3 AE 8.11 A.U. to the highest of 64.9 AE 10.62 A.U. during resuscitation (p ¼ 0.0001). Thereafter, rHb increased gradually and had significantly higher levels compared to the level measured before shock and trauma (p ¼ 0.03).
The microcirculatory sO2 levels decreased after the start of the shock and trauma phase, from a normal standard of 91% to the lowest of 78.8% (p ¼ 0.016), and remained low during the whole shock and trauma period. After resuscitation, the sO2 level started to recover gradually and reached initial values 30 min after resuscitation. No statistically significant alterations during the remaining observation period were found. Figure 3 shows the course of microcirculatory blood flow, rHb, and sO2 during the observation period (72 h), compared with the average value of the shock and resuscitation phase. The initial values before shock and trauma were set as 100%. The level of blood flow in microcirculation increased significantly after resuscitation (p ¼ 0.003) and was elevated during the 72 h of observation time. The level of rHb increased during the resuscitation period (p ¼ 0.049). During the observation period, we observed a continuous increase in rHb levels within 72 h, although the increase was only significant on the third day after trauma induction. The microcirculatory sO2 level decreased after the induction of HS and trauma (p ¼ 0.016). After resuscitation, the sO2 level started to recover gradually and reached initial values. We also observed a significant sO2 level decrease on the third day after trauma (p ¼ 0.017).
Figures 4A and B show the data from microcirculatory oxygen delivery (mDO2) and microcirculatory oxygen consumption (mVO2). We did not observe significant differences in microcirculatory oxygen delivery changes during the shock and trauma phase, whereas the microcirculatory oxygen delivery increased 30 min after resuscitation (p ¼ 0.027), from 4466.9 A.U. during shock to 9750.3 A.U. On the other hand, during the shock and trauma phase, the microcirculatory oxygen consumption increased significa ntly (p ¼ 0.014), from 539.9 A.U. to the highest of 1258.3 A.U. Thirty minutes after resuscitation, the microcirculatory oxygen consumption level decreased to the level before shock and trauma. Moreover, the level of oxygen consumption was significantly higher after 72 h in comparison to initial values (p ¼ 0.016).
DISCUSSION
In this polytrauma model, we found the following results:
During the HS and trauma, we observed no changes in the microcirculatory blood flow, whereas the rHb values and sO2 significantly decreased. After resuscitation, the microcirculation (blood flow, sO2) within the muscle significantly increased and was elevated during the observation period of 72 h.
In this study, we used a standardised polytrauma model in the pig. 13 This model was associated with important changes in the systemic circulation. We observed a decrease in blood pressure with a concurrent elevation of lactate. This appeared to be a good, standardised model with an adequate depth of trauma and shock to study the differences of microcirculation. 13 In this analysis, the local microcirculation was measured within the M. vastus lateralis on the contralateral site of the femur fracture. This muscle was chosen due to a several reasons. Firstly, on a supine position of the animals this muscle is easy accessible and allows working under sterile conditions. Secondly, M. vastus lateralis is well perfused muscle envelope around femur which enables measurements of microcirculation in a depth of the muscle tissue. Finally, for other assessment local tissue biopsies and measurements on the contralateral fractured site were also performed. Our aim was to determine the changes in microcirculation in musculature over time during shock and subsequent resuscitation. Since femur fracture is common on patient with severe trauma and HS, the microcirculation might be of importance for fracture healing as well as for susceptibility for infections.
Although some studies showed a decrease of microcirculatory blood flow during HS, [17] [18] [19] [20] we failed to detect significant changes in local blood flow during HS in this study. However, these other studies used different animal (dogs or rats) and shock models (HS for 45 min with MAP of 40 mmHg, 19, 20 and HS for 30 min with total blood loss of 30 mL/kg/BW 18 ). In our analysis, a standardised porcine HS model was applied, as the porcine physiology closely mimics the human one. Furthermore, our polytrauma model included additional injuries, such as liver laceration, lung contusion and femur fracture. Chen et al. reported that in a combined model of HS and additional trauma, such as traumatic brain injury, milder vasoconstriction takes place in comparison to isolated HS. 21 It appears that additional traumatic stimuli may affect the microcirculation and neutralise the vasoconstriction of HS which may explain missing changes in local blood flow during shock. Chen et al. postulated that additional trauma has the potential to stimulate systematic sympathetic nerve reactions. 21 In muscle injury, small arteries (100-500 mm) react to the sympathetic cholinergic nerve fibres by vasodilating, due to the release of NO from the vascular endothelium, 21, 22 and thus the vasoconstriction may be neutralized which would be in line with our findings.
Furthermore, the reduction of rHb and sO2 in musculature during HS was consistent with previous publications. [23] [24] [25] During HS, the decrease of haemoglobin in microcirculation is caused by either blood loss or a reduction of blood supply in muscles. Reduced blood supply, however, is associated with increased oxygen extraction per blood unit with a consequent decrease of tissue O2 levels. The other reason for decreased local O2 level is a higher tissue metabolism stimulated by inflammatory mediators locally released after trauma. 6 This also leads to increased oxygen consumption described in other shock forms, such as septic shock. 16, 26, 27 During resuscitation, MAP, HR, and arterial oxygen saturation returned to normal values, as did the oxygen saturation and haemoglobin level in microcirculation. These parameters together indicate the recovery of oxygen perfusion in microcirculation. However, the microcirculatory blood flow was elevated over the observation period of 72 h. Our results are in line with previous publications. Several studies have also shown that after resuscitation the local microcircu lation disturbance appears to last for a longer period. 8, 18, 28 This might be due to the post-traumatic local and systemic increase of inflammation mediators, such as IL-6 (Interleukin), IL-8, IL-10, HMGB 1 (High mobility group box 1) and TNF-a (tumor necrosis factor alpha). [29] [30] [31] [32] These mediators may affect the local perfusion by influencing the tone of the vessels and metabolism of the local tissue. 33 Due to ischaemia and reperfusion in the musculature, the above-mentioned mediators are also present in non-traumatised sites. Our analysis also revealed increased microcirculatory oxygen supply after resuscitation. These alterations of the microcirculation, including the increase of blood flow, sO2 and rHb, indicate the presence of hyperaemia in musculature after HS for at least 72 h. These changes may also affect the systemic circulation and circulation parameters. Comparable microcirculatory changes occur during sepsis. Previous studies reported increased oxygen consumption septic shock. 16, 26 Locally released inflammation factors are known to stimulate cellular respiratory burst, which has been described to affect the oxygen consumption as well.
26,34 Bea and colleagues reported higher level of cellular respiratory burst activity in septic shock patients. 35 Other studies reported a local release of vasoactive factors, such as PGE2, affecting the microcirculation. 34 Thus, we considered the high level of oxygen consumption in our analysis was activated by a verity of locally released metabolic products and cytokines. These findings might be of importance for the time point of definitive fracture fixation and other surgical interventions. According to our data, soft tissues appear to be show prolonged changes in microcirculation after HS. Whether or not these changes in perfusion and microcirculation are important for fracture healing and susceptibility to infection still has to be investigated.
Limitations of this study should be taken into consideration. As previously reported (Horst et al.) , even though we tried to mimic the whole procedure after polytrauma, some experimental factors are inevitable that might have influence on results, like applied drugs, infusion, ventilation, sample collection, and anaesthesia. Another limitation was the lack of a control group. The data measured before trauma and surgery was set as the baseline.
CONCLUSIONS
In conclusion, in this study we used a standardized porcine polytrauma and HS model. During HS we observed minor changes in the local microcirculation (decreased rHb and sO2). However, after resuscitation the analysis showed the presence of hyperaemia (increased blood flow, rHb) in the musculature for 72 h after induction of the trauma and HS. These changes of the microcirculation may also affect fracture healing and susceptibility to infection and need to be studied in further projects.
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